Abstract: Deep snow can reduce accessibility to vegetation and cover by herbivores by blanketing understory cover, yet simultaneously increase access to foliage at higher levels. Thus, snow depth fluctuation should lead to spatiotemporal variation in herbivore habitat use. We measured shifts in habitat use by snowshoe hare (Lepus americanus Erxleben, 1777) as a function of snow depth in an eastern Canadian boreal forest where snow depth often exceeds 1 m. We hypothesized that as snow accumulates, snowshoe hares shift from locations with dense vegetation just above ground to locations with dense vegetation higher above ground. We surveyed 58 km of transects over three winters and found 1954 hare tracks. We analyzed track counts as a response to a density index of low vegetation (0-1.5 m above ground), high vegetation (2-4 m above ground), predator tracks, and snow depth. We found more hare tracks in sites with dense high vegetation when snow was deeper, and more hare tracks in sites with dense low vegetation when snow was shallower. Predator track presence did not influence responses to snow depth. Snow depth dynamics can drive hare distribution, and in turn, introduce uncertainty in spatial distribution models for the species and possibly its interactions with predators.
Introduction
Snow depth often plays a significant role in determining access to food and thermal cover for wildlife (Wolff 1980; Halpin and Bissonette 1988; Morrison et al. 2003) and in supplying subnivean space (Korslund and Steen 2006) . Consequently, snow depth can influence overwinter survival, dispersal (Campbell et al. 2005; Kielland et al. 2010) , daily movements, and activity levels of wildlife (Fuller 1991; Murray and Boutin 1991) .
Snow depth greatly varies seasonally, interannually, and geographically (Brown and Braaten 1998) . In some regions (e.g., eastern North America), snow depth often exceeds 1 m and occasionally 2 m (Brown and Brasnett 2010) . Given that snow depth reaches 2 m, availability of resources can be subject to change. For example, deep snow can bury understory cover, leading to a reduction in its availability. On the other hand, deep snow may allow small herbivores access to foliage and cover at higher levels, as well as higher quality food (Nordengren et al. 2003) .
Those changes in resource availability by snow accumulation can lead animals to shift their spatial distribution in the short term. For example, lemmings (species of the genera Lemmus Link, 1795 and Dicrostonyx Gloger, 1841) were shown to locate their winter nests more frequently in deep snow than in shallow snow (Reid et al. 2012 ). To date, most studies on habitat use in relation to snow depth have focused on phenomena under the snow surface, thus looking at supply of thermoregulation by snow and decreased availability of foliage as food and cover (e.g., Halpin and Bissonette 1988; Mysterud et al. 1997; Reid et al. 2012) . Other studies demonstrated behavioral changes in carnivores in relation to snow depth (e.g., Halpin and Bissonette 1988; Murray et al. 1994) .
Snowshoe hare (Lepus americanus Erxleben, 1777), a mediumsized herbivore, is strongly dependent on understory cover (Litvaitis et al. 1985) and is mostly found in 20-to 40-year-old boreal forests in eastern North America (Thompson et al. 1989; Hodson et al. 2011) . During the snow-free season, hare pellet count was positively related with 1.0-2.0 m lateral cover in a black spruce (Picea mariana (Mill.) Britton, Sterns & Poggenb.) forest of Quebec, Canada (Hodson et al. 2011) . Wolfe et al. (1982) reported that hare density was positively related with the density of horizontal vegetation cover at heights between 1.0 and 2.5 m in Utah, USA. Smith et al. (1988) reported that hares browsed twigs above 1.5 m from the ground during winter in Kluane, Yukon, Canada.
Approximately 10% of the geographical range of snowshoe hare ( Fig. 1 ) experiences more than 1 m of snow depth on a regular basis. When snow depth greatly varies (e.g., from 0 to 1 or 2 m), cover and foliage access are subject to change. Consequently, the spatial distribution of small herbivores may exhibit greater temporal variation, both within years, as snow accumulates, and among years. An early study, without detailed statistical analysis, argued that resulting habitat use by hares shifts from summer to winter (Wolff 1980 ), but we know of no quantitative studies examining spatial dynamics of small herbivores above snow in response to snow depth above snow cover.
Here, we investigated whether snow depth influenced habitat use by snowshoe hare in a boreal forest of southern Quebec, Canada. We hypothesized that with increasing snow depth, snowshoe hares should shift from sites with dense vegetation <2 m to sites with higher dense vegetation (henceforth, snow depth dependent cover use hypothesis). Besides access to vegetation, predation risk often appears to have a significant impact on habitat use by herbivores, e.g., leading them to change their response to a particular habitat type (Latombe et al. 2014) . Lynx (Lynx canadensis Kerr, 1792), red fox (Vulpes vulpes (L., 1758)), and American marten (Martes americana (Turton, 1806)) prey on snowshoe hare (Martin 1994; Poole and Graf 1996; Krebs et al. 2001; Krebs 2011) . As a result, hares may also respond to the presence of these predators, rather than access to vegetation per se. Thus, we tested the hypothesis that the presence of predator tracks would further promote hare presence in locations with high-density vegetation (henceforth, predatorinduced cover use hypothesis). As snow precipitation is predicted to vary (either increase or decrease, depending on regions) in response to climate change (Campbell et al. 2005) , investigating these hypotheses would contribute to address underlying uncertainty in future species distribution in response to climate change.
Materials and methods

Study site
Snow tracking surveys were conducted at the Montmorency Forest, a boreal forest in Quebec (47°20=N, 71°10=W; Fig. 1 ), Canada. This study site was selected because the site exhibited higher snow depth than in most of the snowshoe hare's range (Fig. 1) . Most of the 66 km 2 study area was originally clear-cut between 1941 and 1945 and is currently managed with a combination of clear-cuts and selective cuts. The resulting forest is composed of regenerating (less than 20 years old), mid-succession (21 to 40 years old), and mature (more than 40 years old) forest stands and their proportions at the time of the study were 20%, 25%, and 55% of the study area, respectively. Timber harvest occurred in the study area; however, mean (±SD) stand age did not vary substantially during the study (43.3 ± 2.0 years). The study site has a dense (over 2 km/km 2 ) road network with about 150 km of dirt roads. Elevation ranges from 650 to 1000 m. From 2012 to 2014, mean temperature ranged from -14.5 to -9.2°C (1 January -31 March). Maximum yearly snow depth at the weather station of the study area ranged from 58 to 111 cm. In our study area, balsam fir (Abies balsamea (L.) Mill.) dominates second growth mature forest stands. Black spruce, white or paper birch (Betula papyrifera Marsh.), aspen (Populus tremuloides Michx.), and white spruce (Picea glauca (Moench) Voss) are also common (de Bellefeuille et al. 2001 ).
Assessing snowshoe hare spatial distribution
Snow tracking was conducted each winter (1 January -31 March) from 2012 to 2014. Each year, we counted tracks along a random selection of line transects that were not along roads and trails, from a systematic grid (mostly shaped as reversed Js) covering the entire study area. Annual sampling effort varied with snow condition, weather, time of day, and personnel availability (Table 1) . We surveyed selected transects once, with a mean (±SD) of 19 ± 8 km of transects each year (Table 1) . We performed track surveys within an exposure time of 24-72 h after the last snowfall exceeding 3 cm. The surveys were not performed under strong wind (Brown and Brasnett 2010) . The date of measurement for the map was 1 March. Because the beginning of March exhibited the highest snow depth, this date was selected to clearly present variation in snow depth among regions. The resolution was 24 km × 24 km. The location of the study site was represented by a black star. The histogram showed frequency distribution of snow depth over hare distribution. Snow depth at the study site was 77.8 cm on this date. Data of snowshoe hare distribution was obtained from the International Union for Conservation of Nature (IUCN) (Murray and Smith 2008) .
conditions (>20 m/s). We recorded all tracks of hare, lynx, marten, and fox that were found within visually estimated 2 m of either side of the transect lines into a GPS receiver. We ignored conspecific tracks that were within 3 m of a recorded conspecific track. Thus, we recorded trails and track networks as single events. During snow tracking, we measured snow depth at 100 m intervals by pushing a snow probe down until it hit the ground, marking the level of the snow surface, and measuring the length between the tip of the snow probe and the snow-level marker.
Vegetation density
We estimated the density of low vegetation (0-1.5 m above ground) in 2012 along the line transects used for snow tracking, from August to November, i.e., in the absence of snow. We estimated the density of low vegetation visually as the proportion of ground covered by live herbaceous shrub and conifer vegetation lower than 1.5 m above ground, within visually estimated 2 m on each side of the line transect, along 50 m intervals. Thus, resulting understory cover plots were rectangular, 4 m × 50 m. Although the estimated density included herbaceous materials that were not present in winter, the low-lying vegetation was dominated by conifer saplings and thus the estimated density would not be significantly different from summer to winter. We obtained the index of vegetation density high above the ground with an Airborne Light Detection and Ranging (LiDAR) image. LiDAR is a remote-sensing technology that can indirectly characterize forest structure including forest biomass, foliage density, canopy structure, and tree height (Lim et al. 2003; Wulder et al. 2008) . Reduction rate in LiDAR first return penetration rate (PN) from 4 to 2 m above ground (henceforth, high vegetation) was used as an index of vegetation density above deep snow. The reduction rate (%) was calculated as 100 × (PN above 4 m -PN above 2 m)/PN above 4 m, where a high PN reduction rate indicates high vegetation density. The LiDAR data were obtained in August 2011 (for more details see Racine et al. 2014) . LiDAR data were processed and provided by Racine et al. (2014) . The LiDAR image resolution used was 5 m. In 2014, snow depth reached 198 cm, and thus, we used the 2-4 m height class because vegetation in this class is unlikely to be buried at any observed snow depth. Furthermore, a study conducted in summer demonstrated that 1-2 m lateral cover provided a better fit to hare habitat use than 0-1 m lateral cover (Hodson et al. 2011) . Based on this, we assume that when snow depth exceeds 1 m, vegetation above 2 m is relevant to hare spatial distribution.
Snow tracking data
Track and transect data were georeferenced with ArcGIS version 10.1 (ESRI 2012) and transects were split into 100 m segments, totaling 580 100 m segments for the entire study (Table 1) . We obtained track counts on each transect segment for each species, and generated buffers with a radius of 50 m around each transect segment. We used 50 m for the buffer radius because winter home range size of snowshoe hare averages 2 ha in the study region (Beaudoin et al. 2004 ), thus we considered 2 ha of resulting buffer size to be a relevant spatial scale. Within each buffer, we calculated the mean index of low vegetation, mean index of high vegetation, and mean snow depth. We checked whether predator tracks were present within 50 m of each transect segment. Because low temperature can reduce activity level of mammals such as American marten (Thompson and Colgan 1994 ) and short-tailed weasel (Mustela erminea L., 1758) (Robitaille and Baron 1987) and therefore can possibly result in low track counts, mean temperature since the last snowfall was also calculated. To account for roads, rivers, and lakes occasionally included in buffers, we calculated the proportion of vegetated area.
Statistical analysis
We modeled track counts as a response to the following covariates: vegetation density, snow depth, presence of predators (binary variable), exposure time since previous snowfall, vegetated area in the buffer, and mean temperature during exposure time. Year was also integrated as a categorical covariate to account for possible annual relative changes in hare population density (Mowat and Slough 2003) . We separately modeled the response of hares to the density of low and high vegetation (Tables 2a and 2b) . Each model was used to test to three predictions: (i) a positive interactive effect between effects of vegetation density and snow depth, indicative of hares responding to deep snow by adjusting their use of dense vegetation; (ii) a negative effect of predator presence; and (iii) a positive interactive effect between effects of predator presence and vegetation density, indicative of a stronger association to dense vegetation in response to predator presence.
Using generalized linear models (GLMs) with a negative binomial distribution and log-link function, we selected the best supported models listed in Tables 2a and 2b with an informationtheoretical approach, thus by Akaike's information criterion (AIC) (Burnham and Anderson 2002) and then calculated Akaike weights to estimate relative support for each hypothesis.
To account for spatial autocorrelation, we reran the best supported model by using generalized estimating equations (GEE) procedure with a negative binomial distribution and log link by using the package geeM in R software (McDaniel and Henderson 2015) . Dispersion parameters were estimated with the package MASS (Venables and Ripley 2002) . With GEE, we used transect ID (shared by multiple 100 m segments) as clusters. For the analysis of low vegetation, we used the data set only from 2012 because we did not conduct vegetation survey on transects where snow tracking was conducted in 2013 and 2014. To compare the effects of each variables on track count in a same scale, we presented standardized regression estimates obtained by rerunning the best supported model after standardizing each covariate (Tables 3a and  3b ). All statistical analyses were conducted in the R statistical software (R Core Team 2015). 
Results
We found 1954 hare tracks, 102 marten tracks, 5 lynx tracks, and 36 fox tracks in total, and measured snow depth at 580 locations. Mean snow depth ranged from 15.0 to 198.5 cm from the ground, depending on advancement of winter and location. Yearly mean values of snow depth were 106.6, 88.3, and 124.8 cm for 2012, 2013, and 2014, respectively. The best supported model for hare distribution in response to the density of high vegetation included all variables and interactions (Table 2a ). In this model, the interaction between effects of density of high vegetation and snow depth was significantly positive (Table 3a) , i.e., hare track counts were higher when high vegetation was dense, particularly with deeper snow (Fig. 2a) . Although the best model included the presence of predator tracks, its regression estimate was positive (Table 2a ), indicating that hare track counts were higher at the locations where predator tracks were present. The interaction between effects of density of high vegetation and predators was weak or nonexistent (Table 3a) . The mean temperature was significantly positively correlated with track counts, indicating that track counts tended to be higher at higher temperature (Table 3a) . Snow depth was negatively correlated with track counts in only one of the two models shown in Tables 3a and 3b ; there is no evidence for a simple effect of snow depth on track count. Instead, the effect of snow depth depended on whether high or low vegetation density was included in a model. The interactive effect between high vegetation density and snow depth exhibited the highest standardized estimate (Table 3a) . The standardized estimate of snow depth was the lowest (Table 3a) .
As with the high vegetation model, the low vegetation model that best performed included all variables and interactions (Table 3b ). The interaction between low vegetation density and snow depth was significantly negative (Table 3b ), i.e., hare track counts were lower at sites with dense low vegetation above ground, particularly with deeper snow (Fig. 2b) . However, the effect of the presence of predator tracks and its interaction with low vegetation density were not significant (P > 0.05). The interactive effect between low vegetation density and snow depth exhibited the lowest standardized estimate (Table 3b ). On the other hand, the standardized estimate of low vegetation density was the highest (Table 3b) . 
Discussion
The results were consistent with our general prediction, namely that snowshoe hares respond to forest structure differently depending on snow depth. Hares exhibited strong preference toward sites dominated by dense understory cover (<1.5 m) under low snow depth. The strong association with dense understory cover was consistent with several studies from low snow depth sites and snow-free season (Wolfe et al. 1982; Litvaitis et al. 1985) . However, as snow accumulated and access to understory vegetation declined, hare tracks were less frequently found in sites dominated by dense understory cover. We interpret the strong association between hare track counts and high vegetation density above ground under the condition of high snow depth as a result of an "elevator effect" giving access to browse at higher positions from the ground.
In our study, track counts can be interpreted as a proxy for hare activity, rather than abundance. However, track count was shown to be correlated with the number of live-captured individuals (Thompson et al. 1989 ) and with other indices such as pelt sale data (Kawaguchi et al. 2015) , thus lending support to the use of track counts as a population abundance index. Furthermore, we addressed effects of biases including temperature by incorporating these variables in the models, possibly leading to enhance its validity as the index.
The 2-4 m range used from the LiDAR could be arguably high compared with snow depth in most transects, but we believe this is not a significant issue because this height range led to a conservative, yet conclusive, assessment of the response of hares to accumulating snow. Furthermore, this would not be likely to be the case because the main resource that drives hare habitat use was considered to be cover (Hodson et al. 2011) .
We expected that hares would avoid sites with predator tracks and would associate with denser vegetation under such conditions. Those predictions were not supported by the data. However, there was a positive relationship between the presence of predator tracks and hare track counts in the high vegetation models. This may suggest that hare habitat use was not influenced by predator presence; however, predators were present where more hares were present. This interpretation is consistent with the finding that predators such as lynx located themselves in hare locations (Bayne et al. 2008) . Furthermore, Hodges and Sinclair (2005) found no changes in hare foraging behavior under predator exclusion experiment in comparison with its control site.
Food availability would also contribute to habitat use by snowshoe hare, but vegetation cover may influence hare distribution more strongly than food does (Hodges 1999) . Hodson et al. (2011) reported that hare pellet counts were lower at sites with higher food availability (deciduous twigs) than at sites with lower food availability. Overall, food availability did not tend to be a strong driver of habitat use. However, if winter temperature was very low, the hares would require more energy to maintain homeostasis and thus food availability could strongly influence habitat use.
Our results may have important implications to wildlife management. According to Brown and Braaten (1998) , snow depth increased from 1946 to 1995 in the east coast of Canada, but decreased in other regions of Canada. Regional variation in snow depth trends have also been observed in the United States (Kunkel et al. 2009 ). Recent studies suggest that climate change affects the dynamics of snow depth (Christensen et al. 2013 ). As our study demonstrated the change in habitat use by hares was due to high snow depth, snow dynamics under a changing climate may profoundly affect winter behavior and distribution of hare and in turn affect the distribution of associated predators including Canadian lynx and American marten (Apps 1999; Powell et al. 2003) . Snow depth dynamics introduce significant uncertainty in spatial distribution models for the species and its interactions with predators. However, integrating interactive effects of snow depth and vegetation cover into spatial distribution models would help deal with such uncertainty. 
